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activity	 in	an	open-	field	 test,	and	sociability/shoaling	 in	 the	 livebearing	 fish	Poecilia 
vivipara	from	six	ecologically	different	lagoons	in	southeastern	Brazil.	We	evaluated	
the	relative	contributions	of	variation	in	predation	risk,	water	transparency/visibility,	
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1  | INTRODUCTION
Individual	 variation	 in	 behavioral	 tendencies	 that	 is	 consistent	 over	
time	and	across	contexts—also	referred	to	as	animal	personality	(AP)—
has	 been	 reported	 for	 a	multitude	 of	 species,	 including	 both	verte-
brates	and	invertebrates	(reviewed	in	Gosling	&	John,	1999;	Gosling,	






aggression,	 activity,	 and	 sociability	 (Réale	 et	al.,	 2007),	 and	 ambient	
predation	pressure	is	thought	to	be	one	of	the	key	environmental	trig-
gers	 and	 selective	agents	 shaping	differences	 among	populations	 in	
those	traits	(e.g.,	Álvarez	&	Bell,	2007;	Archard	&	Braithwaite,	2011;	
Brown,	Jones,	&	Braithwaite,	2005;	Magurran	&	Seghers,	1991,	1994;	





sites	 were	 bolder	 than	 those	 from	 low-	predation	 stream	 portions.	
Likewise,	 guppies	 (Poecilia reticulata)	 from	 high-	predation	 sites	 on	
Trinidad	were	more	willing	to	feed	under	predation	hazard	(Fraser	&	
Gilliam,	1987)	and	emerged	sooner	from	shelter—a	common	approach	
to	 quantify	 boldness	 (e.g.,	 Brown	 et	al.,	 2005;	 Polverino,	 Ruberto,	
Staaks,	 &	 Mehner,	 2016;	Wilson	 &	 Godin,	 2009)—than	 individuals	
from	 low-	predation	 sites	 (Harris,	 Ramnarine,	 Smith,	 &	 Pettersson,	
2010).	Several	 studies	also	 reported	population	differences	 in	other	
personality	 traits	 like	 shoaling/sociability	 (e.g.,	P. reticulata:	 Seghers,	






sonality	 traits	 in	 fish	 (e.g.,	habitat	 structure:	Kobler,	Maes,	Humblet,	
Volckaert,	 &	 Eens,	 2011;	 temperature:	 Biro,	 Beckmann,	 &	 Stamps,	








Brydges,	 Colegrave,	 Heathcote,	 and	 Braithwaite	 (2008)	 found	 that	
the	 interaction	 between	predation	 risk	 and	habitat	 stability	 but	 not	
predation	alone	predicted	differences	in	boldness	among	populations	
of	 three-	spined	 stickleback	 (Gasterosteus aculeatus).	 This	 approach	
is	clearly	prone	to	overlook	complex	patterns	of	environmentally	 in-
duced	population	differences	 in	AP,	where	a	multitude	of	ecological	




habiting	different	 coastal	 lagoons	 that	vary	 substantially	not	only	 in	
predation	risk	but	also	in	salinity	(from	oligo-	to	hypersaline:	Caliman	
et	al.,	2010),	as	well	as	 in	water	 transparency,	and	dissolved	oxygen	
(Table	1).	We	measured	boldness	 (assessed	 as	 time	 to	 emerge	 from	
shelter	and	enter	an	unknown	area;	Brown	et	al.,	2005;	Harris	et	al.,	
2010;	 Polverino	 et	al.,	 2016;	Wilson	 &	Godin,	 2009),	 activity	 in	 an	
open-	field	test	(Archard	&	Braithwaite,	2011;	Biro	et	al.,	2010;	Burns,	
2008;	Moretz,	Martins,	&	Robison,	2007),	and	shoaling/sociability	(as-
sessed	as	 the	 time	spent	 in	 the	vicinity	of	a	shoal;	Plath	&	Schlupp,	
2008;	Ward,	Thomas,	Hart,	&	Krause,	2004;	Wright	&	Krause,	2006)	
of	adult	female	P. vivipara	from	the	different	lagoons.	Our	first	ques-
tion	was	whether	populations	differ	 in	mean	boldness,	 activity,	 and	
shoaling	tendencies	and	whether	these	differences	can	be	related	to	
the	observed	variation	in	the	aforementioned	environmental	factors.




related	behavioral	 traits	 could	be	 favored	by	 selection	 (Dingemanse	
et	al.,	2010),	especially	 in	ecologically	flexible	species	 like	P. vivipara. 
We	simulated	altered	ecological	conditions	by	collecting	females	from	
four	of	the	six	lagoons	and	maintaining	them	under	uniform	laboratory	
conditions—that	 is,	 without	 predator	 exposure,	 and	 under	 “benign”	
abiotic	conditions—for	at	 least	3	months	before	 testing	 them	as	de-
scribed	above.
We	used	the	same	datasets	from	the	wild-	caught	and	laboratory-	
maintained	 cohorts	 of	 test	 subjects	 to	 answer	 our	 third	 question,	
which	was	related	to	the	occurrence	of	“behavioral	syndromes.”	The	


















Catingosa 36.4 Low 8.5 Low
Garças 20.5 High 4.6 Low
Preta 14.0 High 8.4 Low
Carapebus 13.4 High 9.7 High
Imboassica 0.40 Low 9.7 High
Cabiunas 0.20 High 6.9 High
aAfter	Di	Dario	et	al.	(2013).
bAfter	Caliman	et	al.	(2010).
















whether	 syndromes	would	 be	 lost	 under	 prolonged	 absence	 of	 en-






















2  | MATERIALS AND METHODS
2.1 | Study organism and sampling sites
Peacock	mollies	 (Poecilia vivipara	Bloch	&	Schneider	1801;	Figure	1)	
have	 a	 wide	 distribution	 range	 along	 the	 eastern	 coast	 of	 South	













to	 resuspension	 of	 sediments,	 microalgae	 concentrations,	 and	 dis-
solved	organic	carbon	(Caliman	et	al.,	2010).
In	 this	 study,	 we	 investigated	 P. vivipara	 populations	 from	 six	
coastal	 lagoons	 in	and	around	Restinga	de	Jurubatiba	National	Park	
that	 span	 the	observed	 range	of	variation	 in	predation	 risk	and	abi-
otic	 conditions	 (Table	1;	 for	 location	coordinates	 see	Di	Dario	et	al.,	
2013).	 Abiotic	 habitat	 parameters	 were	 assessed	 during	 field	work	
using	a	YSI-	85-	hydrometer	 (salinity	 and	dissolved	oxygen).	We	clas-










was	 available.	We,	 therefore,	 decided	 that	 a	 classification	 into	 two	
categories	 (“high”	 and	 “low”	 predation	 level)	was	more	 biologically	
meaningful	 than	 using	 absolute	 numbers	 of	 piscivorous	 species	 as	
continuous	 environmental	 variable.	 Lagoons	 in	 which	 both	 near-
shore	and	pelagic	main	piscine	predators	(the	erythrinids	Hoplias	aff.	
malabaricus	 and	 Hoplerythrinus unitaeniatus,	 and	 the	 centropomids	








we	 focused	 on	 female	 P. vivipara	 only.	 Field	 work	 was	 conducted	
in	March	and	April	2014.	We	successfully	 tested	a	 total	of	178	 fe-
males	 (Lagoa	 Cabiunas:	 n = 30,	 Garças:	 n = 31,	 Carapebus:	 n = 27,	
Imboassica:	 n = 24,	 Catingosa:	 n = 36,	 Preta:	 n = 30).	 Test	 subjects	
F IGURE  1 Female	peacock	molly	(Poecilia vivipara)	with	a	
standard	length	of	47.5	mm.	Courtesy:	F.	Di	Dario
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were	 caught	 with	 seines	 (3	mm	mesh	 size)	 and	 immediately	 trans-
ferred	 into	water-	filled,	aerated	plastic	boxes	placed	 in	the	shadow.	
Test	fish	remained	in	the	boxes	for	<2	hr	before	the	personality	as-
sessment.	On	 the	 next	 day,	 14–16	hr	 after	 the	 first	 personality	 as-
sessment,	we	conducted	a	second	(identical)	personality	assessment	
with	the	same	individuals	to	test	for	individual	behavioral	consistency.	
Between	both	 assessments,	we	 kept	 the	 test	 fish	 in	 individual	 per-
forated	plastic	bottles	 (3	L).	Bottles	were	 fixed	on	a	 rope	under	 the	
water	surface	in	vegetated	areas	at	the	respective	sampling	sites	and	
left	undisturbed	overnight.	Therefore,	test	subjects	were	exposed	to	








To	 conduct	 tests	 with	 individuals	 that	 had	 been	 acclimated	 to	
homogeneous	laboratory	conditions,	we	recorded	water	salinity	and	
collected	 individuals	 from	four	of	 the	six	 lagoons	 (Cabiunas:	n = 21,	
Garças:	n = 10,	Catingosa:	n = 11,	Preta:	n = 36)	between	September	
and	 October	 2014.	 We	 brought	 the	 fish	 in	 water-	filled,	 aerated	
coolers	within	<1	h	to	the	Aquatic	Animal	Facility	of	the	Núcleo	em	
Ecologia	 e	 Desenvolvimento	 Sócioambiental	 de	 Macaé.	 We	 main-
tained	the	fish	 in	aerated,	aged,	filtered,	and	salt-	corrected	(Natural	











We	 conducted	 personality	 assessments	 with	 wild-	caught	 fish	 di-
rectly	at	the	respective	sampling	sites,	thus	reducing	stress	related	to	 










2004;	Ward	et	al.,	2004);	 all	 tests	were	performed	consecutively	 in	
the	same	arena	to	minimize	handling	stress.
The	 test	 arena	 consisted	 of	 a	 transparent	 plastic	 container	
(80	×	50	×	50	cm)	that	was	placed	on	gray	cardboard	and	filled	with	
water	from	the	collection	site	(wild-	caught	fish)	or	aged	filtered,	and	




1-	L	 plastic	 cup	with	 a	 diameter	 of	 8	cm	 that	was	 equipped	with	 a	
trapdoor	 (4	×	4	cm)—which	we	placed	at	one	of	 the	smaller	sides	of	
the	 test	 arena	 (Figure	2).	We	 gave	 the	 focal	 female	 2	min	 for	 accli-
mation	before	the	trapdoor	was	remotely	opened	by	a	pulley	system.	









showed	 normal	 swimming	 behavior	 (all	 females	 resumed	 swimming	
after	the	trapdoor	was	closed	within	2	min).	We	counted	numbers	of	
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2.4 | Statistical analyses
2.4.1 | Effects of environmental factors on 
personality traits in wild- caught fish
Our	first	question	was	whether	the	three	personality	traits	were	in-















cohorts	 found	 strong	 effects	 of	 rearing	 conditions	 (wild-	caught	 vs.	
laboratory-	maintained)	on	two	of	the	three	personality	traits	(Table	S3).	 
We	specified	γ-	shaped	distributions	for	“emergence	times”	and	“shoal-







emergence	 time)	 in	 all	 figures	 and	 discuss	 this	 variable	 in	 the	main	
text,	while	unmodified	“emergence	times”	were	used	in	all	statistical	
models.
2.4.2 | Homogenization of population differences 
after laboratory- maintenance
We	asked	whether	population	differences	in	mean	boldness,	activity,	






























sessed	 in	the	form	of	repeatability	 (R)	values,	where	R	 is	defined	as	









χ2 p χ2 p χ2 p
(a)	Wild-	caught	cohort
Predation 5.10 .024 9.21 .002 0.51 .47
Turbidity 6.51 .011 36.29 <.001 50.81 <.001
Salinity 0.71 .40 2.65 .10 0.12 .73
DO 0.03 .87 6.14 .013 0.79 .38
(b)	Laboratory-	maintained	cohort
Predation 1.46 .23 6.42 .011 2.63 .11
Turbidity 0.48 .49 1.38 .24 0.20 .65
Salinity 0.55 .46 — — — —





















To	 test	 for	potential	differences	among	populations	 in	 the	 strength	
and	direction	of	behavioral	syndromes,	we	initially	intended	to	calcu-
late	multivariate	mixed	models	 including	 all	 three	personality	 traits.	
Multivariate	mixed	models	provide	the	possibility	to	split	phenotypic	
correlations	 into	correlations	on	 the	among-	individual	 level	 and	 the	
residual	 covariance	 level,	 respectively,	 which	 allows	 a	 more	 accu-
rate	calculation	of	behavioral	syndrome	structures	 (Brommer,	2013;	
Dingemanse	 &	 Dochtermann,	 2013;	 Dingemanse,	 Dochtermann,	 &	
Nakagawa,	2012).	However,	due	to	the	widely	differing	distribution	
patterns	of	 our	measures	of	 boldness,	 activity,	 and	 shoaling,	 it	was	












and	 laboratory-	maintained	 individuals,	 separately)	 by	 summing	 all	






3.1 | Ambient environmental conditions drive 
population differences in personality traits
We	first	analyzed	the	cohort	of	wild-	caught	individuals	from	the	six	la-
goons.	ICC	analyses	indicated	strong	consistency	in	personality	traits	
among	 individuals	 within	 lagoons	 (boldness:	 ICC = 0.698,	 p = .007; 
activity:	ICC = 0.928,	p < .001;	shoaling:	ICC = 0.961,	p < .001).	In	ad-
dition,	these	results	suggest	consistent	differences	in	mean	behavioral	
tendencies	between	lagoons.
In	 a	 second	 step,	we	 tested	whether	 environmental	 parameters	
shape	 the	uncovered	personality	differences	 among	 lagoons.	 In	 line	
with	prediction 1,	generalized	linear	models	(GLMMs)	for	each	of	the	
three	 personality	 traits	 found	 emergence	 times	 to	 be	 significantly	
influenced	 by	 “predation”	 and	 “water	 transparency”	 (Table	2a),	with	
emergence	 times	 being	 higher	 under	 high	 predation	 threat	 (esti-
mated	marginal	means,	 EMMs	±	SE,	 low	predation:	 54.89	±	14.17	s,	
high	 predation:	 143.52	±	34.47	s)	 and	 under	 low	 water	 transpar-
ency	 (high	 water	 transparency:	 59.49	±	9.30	s,	 low	 water	 transpar-
ency:	132.43	±	32.02	s).	Activity	was	affected	by	“predation,”	“water	





creasing	DO	(post-	hoc	Spearman	rank	correlation:	r = −.15,	p = .066).	
Shoaling	behavior	was	significantly	influenced	by	“water	transparency”	
(Table	2a),	with	 lower	 shoaling	 times	 under	 low	water	 transparency	
conditions	 (EMMs,	 high	 water	 transparency:	 180.95	±	20.38	s,	 low	
water	transparency:	37.64	±	6.45	s).	Note	that	“salinity”	affected	none	
of	the	personality	traits	(Table	2a).
3.2 | Homogenization of population differences after 
laboratory- maintenance
In	accordance	with	prediction 2,	the	results	of	our	GLMMs	using	data	




fluenced	by	 the	 level	 of	 predation	 that	 the	 fish	had	experienced	 in	
their	natural	habitats	(Table	2b).	Likewise,	ICC	values	(comparing	wild-	
caught	 and	 laboratory	 cohorts	 of	 the	 same	 lagoon,	 respectively)	 of	
boldness	and	 shoaling	 tendency	were	 low	and	nonsignificant	 (bold-
ness:	 ICC = −0.002,	p = .51;	 shoaling:	 ICC = 0.421,	p = .33),	whereas	







Cab = Cabiunas,	Gar = Garças,	Cat = Catingosa,	Pre = Preta







able	 (R = 0.19,	 p = .013),	 while	 consistency	 in	 boldness	 was	 slightly	
lower	 and	 not	 statistically	 significant	 (R = 0.13,	 p = .075).	 For	 activ-
ity,	the	among-	individual	variance	estimate	was	close	to	zero,	which	
resulted	 in	 a	 nonsignificant	 R-	value	 of	 0.	 For	 all	 personality	 traits,	
we	 found	 a	 significant	 influence	 of	 the	 fixed	 factor	 “lagoon”	 (bold-
ness:	F5,137 = 3.26,	p = .008;	activity:	F5,280 = 13.03,	p < .001;	shoaling:	
F5,137 = 24.80,	p < .001),	suggesting	differences	in	consistency	among	
populations.
When	 considering	 the	 laboratory-	reared	 cohort,	 we	 found	 all	
three	 personality	 traits	 to	 be	 highly	 repeatable	 (boldness:	 R = 0.37,	
p < .001;	activity:	R = 0.57,	p < .001;	shoaling:	R = 0.28,	p = .006).	The	
factor	“lagoon”	did	not	affect	any	of	the	personality	traits	 (boldness:	




In	 accordance	 with	 prediction 3a,	 visual	 evaluation	 suggests	 that	
behavioral	 syndrome	 structures	 vary	 substantially	 in	 their	 strength	
and	 direction	 among	 lagoons	 of	 the	wild-	caught	 cohort	 (Figure	4a).	
Interestingly,	 neither	 visual	 evaluation	 of	 syndrome	 structures	
(Figure	4a)	nor	our	GLM	using	cumulative	correlation	coefficients	per	
population	 (only	wild-	caught	cohort)	detected	any	effects	of	preda-
tion	 level	 (nor	 any	 other	 environmental	 parameter)	 on	 the	 overall	
strength	of	behavioral	syndromes	(GLM:	F < 0.63,	p > .56,	n = 6).
Considering	wild-	caught	fish,	no	significant	correlations	between	
behavioral	traits	were	found	in	the	Cabiunas	(r < .27,	p > .20,	n = 25)	
and	Preta	populations	(r < .24,	p > .27,	n = 24;	Figure	4a).	In	half	of	the	
lagoons,	we	found	a	significant	positive	correlation	between	boldness	
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and	 activity	 (r > .55,	 p < .005).	 The	 tightest	 syndrome	 structure	 be-
tween	all	three	behavioral	traits	was	found	in	the	Catingosa	popula-
tion	 (r > .50,	p < .015,	n = 23;	Figure	4a),	one	of	the	two	populations	
that	showed	high	behavioral	consistency	(see	above).
Syndrome	 structures	 of	 laboratory-	maintained	 groups	 changed	
unpredictably	 in	 direction	 and/or	 strength	 compared	 with	 the	 cor-




4.1 | Effects of environmental factors on personality 
traits
We	compared	three	personality	traits	(boldness,	activity,	and	sociabil-























only	 shoaled	 less	 but	 also	 increased	 their	 freezing	 behavior	 after	 a	
predator	 attack.	 Freezing	 represents	 alternative	 predator-	avoidance	
behavior	(Brown	&	Godin,	1999)	and	is	sometimes	also	used	as	a	mea-
sure	of	boldness	(Bierbach	et	al.,	2015;	Piyapong	et	al.,	2010).	The	au-








2015).	 On	 the	 other	 hand,	 the	 first	 hypothesis	 explains	 decreased	











Activity	was	 also	 affected	 by	DO	 in	 a	way	 that	 fish	were	more	
active	under	 lower	oxygen	concentrations.	 In	 theory,	one	would	ex-








such	as	hypoxia	 (reviewed	 in	Kramer,	1987).	However,	 in	our	study,	
differences	 in	DO	among	the	different	 lagoons	were	relatively	small	




study,	 might	 be	 intercorrelated	with	 the	 factor	 “DO.”	 One	 possible	
scenario	is	that	slightly	lower	DO	indicates	that	densities	of	(oxygen-	
producing)	microalgae	are	also	low.	Microalgae	serve	as	a	food	source	
for	 several	 poeciliids	 (Dussault	 &	 Kramer,	 1981;	 Karino	 &	 Haijima,	
2004;	Meffe	&	 Snelson,	 1989)	 including	members	 of	 the	 subgenus	
Mollienesia	to	which	P. vivipara	belong	(Scharnweber,	Plath,	&	Tobler,	
2011b;	 Scharnweber,	 Plath,	 Winemiller,	 &	 Tobler,	 2011a),	 and	 fish	











4.2 | Homogenization of population differences after 
laboratory- maintenance
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2011;	 Borner	 et	al.,	 2015).	However,	 there	 is	 only	 limited	 informa-
tion	about	the	relative	contributions	of	heritable	(genetic)	versus	plas-
tic	 components	 to	 these	population	differences	 (Bell,	2005;	Brown,	
Burgess,	 &	 Braithwaite,	 2007;	 Riesch	 et	al.,	 2009).	 To	 investigate	
the	 degree	 of	 plasticity	 of	 mean	 behavioral	 traits	 among	 popula-
tions,	we	compared	the	behavior	of	wild-	caught	test	subjects	and	fish	
from	 the	 same	 lagoons	 that	 had	 been	maintained	 in	 the	 laboratory	
under	 uniform	 (thus	 homogenized,	 except	 for	 salinity	 differences)	
environmental	 conditions	 for	 at	 least	 3	months.	 In	 accordance	with	



















study,	 artificial	 selection	 for	 boldness	 also	 leads	 to	 corresponding	
morphological	changes	usually	found	in	high-	predation	environments	
(i.e.,	 larger	 caudal	 peduncle	 area	 and	 increased	 fast-	start	 response).	
A	 similar	 phenomenon	 (but	 in	 reverse)	 might	 explain	 the	 persis-




2004),	 and	 will	 therefore	 not	 have	 changed	 after	 only	 3	months	
under	 common-	garden	 conditions.	 As	 previous	 studies	 reported	 on	
similar	high-	and	 low-	predation	body	shapes	also	 in	P. vivipara	 from	
the	 lagoons	evaluated	here	and	 in	their	vicinity	 (Araújo	et	al.,	2014;	
Gomes	&	Monteiro,	2008),	it	is	possible	that	the	persistence	of	lower	
activity	 after	 the	 laboratory-	maintenance	 phase	 is	 simply	 indicative	
of	the	persistence	of	high-	predation	and	low-	predation	body	shapes	
in	our	test	fish.	However,	we	are	aware	that	this	explanation	rests	on	






Another	potential	 reason	 for	 the	overall	 low	persistence	of	 per-
sonality	traits	in	this	particular	system	is	the	high	degree	of	seasonal	
and	 yearly	 variation	 in	 some	 of	 the	 habitat	 characteristics.	 Chagas	












on	other	 fish	species	 that	 found	 individuals	 to	change	 their	person-
ality	 traits	 in	 response	 to	altered	environmental	or	 social	 conditions	
(Onchorhynchus mykiss:	 Frost,	 Winrow-	Giffen,	 Ashley,	 &	 Sneddon,	





siquia:	Mazué	et	al.,	2015;	D. rerio:	Moretz	et	al.,	2007;	G. aculeatus: 
Ward	et	al.,	2004;	Bell,	2005;	Dingemanse	et	al.,	2007;	Lepomis mac­
rochirus:	Wilson	&	Godin,	2009;	P. mexicana:	Bierbach	et	al.,	2015),	
while	 the	 strength	 and	 direction	 of	 these	 correlations	 may	 vary	
between	populations	of	 the	 same	species	 (Bell,	 2005;	Dingemanse	





shape	 population	 differences	 in	 syndrome	 structures	 (Bell	 &	 Sih,	
2007).	 In	 the	 present	 study,	 syndrome	 structures	 differed	 widely	
among	populations,	both	in	their	strength	and	in	direction	(prediction 
3a).	However,	correlational	selection	is	unlikely	to	explain	our	find-









lar	 ecological	 factor	 (including	predator	 regime,	 negating	prediction 
3b).	Given	that	different	environmental	factors	(including	additional	
environmental	factors	not	evaluated	in	this	study	as	well	as	combina-
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